The diffusion process through a non-porous barrier membrane depends on the properties of the drug, vehicle and membrane. The aim of the current study was to investigate whether a series of oily vehicles might have the potential to interact to varying degrees with synthetic membranes and to determine whether any such interaction might affect the permeation of co-formulated permeants: methylparaben (MP); butylparaben (BP) or caffeine (CF). The oils (isopropyl myristate (IPM), isohexadecane (IHD), hexadecane (HD), oleic acid (OA) and liquid paraffin (LP)) and membranes (silicone, high density polyethylene and polyurethane) employed in the study were selected such that they displayed a range of different structural, physicochemical properties. Diffusion studies showed that many of the vehicles were not inert and did interact with the membranes resulting in a modification of the permeants' flux when corrected for membrane thickness More sophisticated modelling would appear to be required to delineate and quantify the key molecular parameters of membrane, permeant and vehicle compatibility and their interactions of relevance to membrane permeation.
Abstract
The diffusion process through a non-porous barrier membrane depends on the properties of the drug, vehicle and membrane. The aim of the current study was to investigate whether a series of oily vehicles might have the potential to interact to varying degrees with synthetic membranes and to determine whether any such interaction might affect the permeation of co-formulated permeants: methylparaben (MP); butylparaben (BP) or caffeine (CF). The oils (isopropyl myristate (IPM), isohexadecane (IHD), hexadecane (HD), oleic acid (OA) and liquid paraffin (LP)) and membranes (silicone, high density polyethylene and polyurethane) employed in the study were selected such that they displayed a range of different structural, physicochemical properties. Diffusion studies showed that many of the vehicles were not inert and did interact with the membranes resulting in a modification of the permeants' flux when corrected for membrane thickness (e.g. normalized flux of MP increased from 1.25 ± 0.13 µgcm -1 h -1 in LP to 17.94 ± 0.25 µgcm -1 h -1 in IPM). The oils were sorbed differently to membranes (range of weight gain:
Introduction
For a drug to be delivered passively via the skin, it is generally accepted that it should ideally have adequate lipophilicity (partition coefficient between 1-3) and also a low molecular weight (below 500 Da) (Yano et al., 1986; Bos & Meinardi, 2000) . Such requirements have limited the number of commercially available medicinal products that are dependent on transdermal or dermal delivery. As such various strategies have emerged to achieve the absorption of drugs in sufficient quantity to elicit a therapeutic response.
One of these strategies is the use of vehicles which may enhance the delivery of the applied drug. Several studies have investigated vehicle uptake into membranes with a view to establishing the effects on drug diffusion, in particular involving both aqueous-and alcohol-based vehicles (Twist & Zatz, 1988a&b; Flynn, 1990; 70 Twist & Zatz, 1990; Dias et al., 2007; Oliveira et al., 2010) . Many currently employed pharmaceutical and cosmetic topical formulations incorporate an oil or a combination of oils, but little attention has been given to the nature of such vehicle itself on drug transport.
The principal rationale for the inclusion of oils within topical vehicles has been driven historically by cosmetic concerns and requirements; including 'consumer-feel' and emolliency. Some consideration has also been given to the ability of oils to solubilize incorporated drug(s), and moreover to modify the release and partitioning of drugs into the skin (Kreilgaard, 2002; Saroj et al., 2012) . However, although oils are usually incorporated and applied to the skin as supposedly inert vehicles/excipients, some may have a direct affect upon membrane structure (Yamane, et al., 1995; Williams & Barry, 2004) . For example, the partition of isopropyl myristate and oleic acid, when applied after dissolution in a vehicle, has been reported to promote membrane lipid fluidity (Pillai et al., 2004; Brinkmann & Muller-Goymann., 2005; Lane, 2013) . This can contribute to the increased disorder of the stratum corneum and thus enhance the permeability of the bilayer structure (Lane, 2013) . Any oil residue remaining in contact with the skin can also reduce epidermal water loss; possibly further modifying skin permeability characteristics.
It is accepted that the flux of a permeant across a membrane is identical from different vehicles, provided the vehicles are saturated with permeant (i.e. having a thermodynamic activity of 1) (Higuchi, 1960; Twist & Zatz, 1986) . However, such an acceptance is premised on the assumption that the vehicle components do not alter the barrier properties of the membrane. It is now widely known that vehicles can interact with barrier membranes either to alter diffusivity or to enhance the partitioning behaviour into the membrane (Twist and Zatz, 1988; Cross et al., 2001; Dias et al., 2007; Zhang et al., 2011; Oliveira et al., 2012; Lane, 2013) . A method to screen for vehicle-membrane interactions would be desirable in order to explore the permeation processes. The solubility parameter of the vehicle has been reported to be one important predictor of the flux of the drug through a membrane (Cross et al., 2001; Dias et al., 2007) . The concept of solubility parameter was first developed by Hildebrand and Scott (1950) based on regular solution theory and was extended to describe multi-component Hansen solubility parameters (HSPs, Hansen, 1967) . Solubility parameters are derived from the molecular volatilization energy (molecular cohesive energy). Solubility parameters are an important predictor of behaviour of molecules in mixed systems and have been related to the interaction of drugs and vehicles with membranes (Dias et al., 2007; Abbott, 2012) .
The stratum corneum is a complex membrane comprising both hydrophobic and hydrophilic diffusion media. Synthetic membranes represent a convenient alternative for pre-screening studies, eliminating the requirement for use of human skin (Pellett et al., 1997) and offering improved reproducibility (Karadzovska & Riviere, 2013) .
Polydimethylsiloxane (silicone), high density polyethylene (HDPE) and polyurethane (PU) membranes have all been used to investigate diffusion mechanisms of permeants in screening studies (Aminabhavi & Khinnavar, 1993; Jiang et al., 1998; Sloan et al., 2013) .
The use of a range of membranes also provides materials ranging in their solubility parameters (17.4 -20.8, Table 1 ), to overlap with the stratum corneum itself (20.5; Liron & Cohen, 1984) . Reports relating solubility parameters to dermal permeation typically employ the Hildebrand solubility parameter (δ) (e.g. Dias et al., 2007) . However, δ fails to account for the diversity of dispersive, polar and H-bonding interaction forces of the corneocytes and lipidic permeation routes in stratum corneum. HSPs provide a means to model the skin as a multicomponent mixture (i.e. the summated HSPs; δD, δH, δP = 17, 8, 8 (Abbott, 2012) ). A range of membranes with similar δ but differing in the ratio of δD:δH:δP may provide an ability to enhance the relevance of synthetic membranes.
Despite their wide use for cosmetic and pharmaceutical purposes, the barrier-alteration properties of oily vehicles are poorly understood. The aims of the current study were to obtain data relating diffusion of compounds from a range of oils through barrier membranes with a view to developing an understanding of the means by which oily vehicle components interact with membranes and affect the permeation of co-formulated drug molecules.
Materials and Methods

Materials
Methanol, acetonitrile and hexadecane (HD) were obtained from Merck chemicals, 
Hansen solubility parameters and modelling of miscibility
Hansen solubility parameters (HSPs, Hansen, 1967) are determined empirically or by calculation (Stefanis & Panayiotou, 2008; Abbott et al., 2013) (Hansen, 2007) . A useful parameter for comparing two substances is the HSP Distance:
Where δDA, δDB are the energy of the dispersion forces of compound A and B respectively; 
2.3Solubility studies
Solubility studies were conducted by adding an excess amount of each model permeant separately to deionized water, phosphate buffer (pH 7.0; 50mM), IPM, IHD, LP, HD and OA. The suspensions were vortexed briefly and further agitated at 32°C in a shaking water bath at 110 rpm for around 48 h. After equilibration, the suspensions were filtered through 0.25 µm pore-size Teflon membrane filters (chosen to achieve minimal permeant adsorption) and the resultant solutions diluted. The IPM, OA and IHD samples were diluted with isopropanol; HD with n-hexane:isopropanol (50:50) and LP with IHD:isopropanol co-solvent (20:100). The concentration of the permeant in each sample was determined using UV spectrophotometry and processed using Thermo electron vision pro software V4.20 (Thermo, Germany). Using a 1 mL quartz cuvette, calibration curves were constructed by plotting the absorbance as a function of concentration of standards. The wavelengths of detection (nm) were: 254, 256 and 270 for MP, BP and CF respectively.
Experimental data represent the mean (± SD) value (n ≥ 4).
HPLC chromatographic conditions for model permeants
A Class VP 2010 LC Pump with Auto sampler connected to a UV Absorbance Detector were employed (Shimadzu Japan). The column used for all permeants was a Symmetry 5 BDS (C18), 150 x 4.6 mm (5 m) (Waters, USA). The mobile phase for MP consisted of 35% v/v acetonitrile/65% phosphate buffer (50 mM KH2PO4 containing 1% w/v triethylamine, then adjusted to pH 3.5 with orthophosphoric acid). The mobile phase for the assay of BP was 50% acetonitrile/50% phosphate buffer (50 mM KH2PO4 adjusted to pH 3.0 with orthophosphoric acid) and for CF was 15% v/v acetonitrile/85% phosphate buffer (50 mM KH2PO4 adjusted to pH 3.0 with orthophosphoric acid). The flow rate was maintained at 1 mL min -1 and injection volumes were 10 µL for MP and BP and 50 µL for CF. The wavelength of detection (nm) was 254, 256 and 270 for MP, BP and CF respectively (n≥4).
2.5Franz cell studies
The permeation of MP, BP and CF through different membranes from the saturated suspensions was determined using individually ( whereWaandWb are the weights of membrane after and before soaking, respectively.
The amount of oil (mupt,mg per gram) sorbed by each membrane was calculated according to Equation 4:
Data reported in this study are usually (unless otherwise stated) the mean of n ≥ 3, with the standard deviation (SD) given. In order to establish differences in the parameters measured in this study, statistical tests were conducted. The analysis of variance (ANOVA) method and Student's t-test were used as the major statistical tests where applicable. When ANOVA was employed, post hoc comparisons of the means of individual groups were performed using Tukey's test, and the level of significance was taken at p ≤ 0.05 in all cases.
Results
Physicochemical characterisation of permeant and oily vehicle systems
In order to elucidate the factors affecting the oily components' interactions with membranes and their effect on diffusion of co-formulated drug molecules, five structurally unrelated oils with different solubility parameters, shape and size were required. The oils identified for the study were IPM as an example of an oil ester, OA as an example of cisfatty acid, IHD as a branched oil, HD as an example of a linear oil and LP, the commonlyused mixture of linear and branched chain molecules. The membranes used have a range of different HSPs which leads to difference in hydrophilicity of the membranes. The properties of the oils and membranes are found in Table 1. MP, BP and CF have been postulated to traverse the human skin via different routes (Akomeah et al., 2004) although the exact permeation routes remain unconfirmed. For the current study MP, BP and CF were chosen since they possess similar molecular masses, but possess a diverse relative balance of δD, δH, δP values (Table 1) in order to probe membrane-specific changes in the permeation barrier due to interactions with oily vehicles.
The molecular weight and Log P values of the permeants employed in this study are shown in Table 2 , as are the solubility values of the model permeants in different oils, deionised water and buffer. The solubility of permeants in the aqueous vehicles was in the order of CF>MP>BP, which is in accordance with the relative permeant hydrophilicity. While in oily vehicles the solubility of all permeants in OA and IPM was shown to be higher than in IHD, LP and HD. There was no significant difference in the solubility of each permeant, considered individually in HD, IHD or LP.
Permeation of molecules from oily vehicles across synthetic barrier membranes
The cumulative amount of permeant diffused across the synthetic membranes was plotted versus time; and the flux was derived from the slope of the linear portion of the curve. 
Swelling data for synthetic barrier membranes in oily vehicles
The absolute amounts of oils sorbed to the different membranes are shown in Table 3 .
Membranes sorbed oils to different extents with the order being silicone>HDPE>PU for IPM, HD and IHD. OA was highly sorbed to PU; however it appeared to act as a plasticizer for the membrane and the PU membrane was observed to change in its rigidity, becoming sticky when soaked in the oil. Generally the difference in membrane weight after being soaked in the buffer was the lowest, when compared with the resultant weight gain after incubation with oils. The difference between membrane weight after incubating with buffer at 32°C was 0.06 ± 0.05 % for silicone membrane, 18.16 ± 0.72 % for HDPE and 1.01 ± 0.40 for PU.
Hansen Solubility Parameter valuesas indicators of vehicle-membrane interactions
The various HSP parameters and the molar volume of the different oils are shown in Table   1 . LP displays the highest molar volume (Mvol), while HD and IHD have the lowest Mvols.
The δD values for all oils were of similar magnitude. IHD and HD are pure hydrocarbons therefore the δP and δH are zero. OA displays a higher value of δH compared with other oils this is because OA has both hydrogen donor and acceptor groups.
A Hansen sphere plot provides a means to visualize the likely miscibility of a substrate in a solvent. In the current study, if a solvent (i.e. oily vehicle) resides inside the sphere for a polymer then it is likely to be miscible with that polymer and the closer it is to the centre, the more effective it is in its solvency. Two examples of such Hansen spheres are presented in Fig.3 , which shows that the solubility parameters of all oils laid inside the Hansen sphere generated for silicone membrane, indicating that they might be expected to swell the silicone membrane. It should be borne in mind that the radius of the Hansen sphere is also a function of the experimental data used for their calculation in the HSPiP software. Failure to study a sufficiently wide range of solvents may underestimate the true radius of the sphere, compared to when a more extensive range of solvents are studied. Since the accuracy of miscibility predictions is compromised by a reduced dataset, the HSPiP software indicates where inadequacies in the empirical miscibility dataset exist for solutes (Hansen, 2007) . Accordingly the miscibility (i.e. swelling of a membrane due to a vehicle) predicted by HSPiP may not reflect the true extent of interaction between oily vehicles and a given membrane. For example, the Hansen sphere for HDPE is presented in Fig.3, which shows an example where the solubility parameters of the oils were sited outside the sphere radius for HDPE (a similar observation was made for PU). This indicated that these oils were not perfect solvents for the membranes. However from the experimental results of swelling, these oily vehicles did possess a sufficient degree of solvency power for both PU and HDPE membranes. Therefore, in order to provide comparison for a rank order of miscibility between membranes, the HSP distances were calculated between the membranes and oils using Equation 2 (Table 4) .
Generally if two components are chemically similar then it would be expected that their HSP values would be the same; and when the sum of the absolute differences of the three HSP values is calculated, the difference would be 0 (zero) MPa
If the two components are chemically compatible then it would be expected that their HSP values would be similar, and the differences would be small, although not necessarily zero.
Comparing the distance values for the same oil between membranes, the general order was silicone<HDPE<PU. This corresponds to the same order of oil uptake for IPM, IHD and HD; however OA and LP were not sorbed in the predicted order. This was possibly due to the non-linear shape of OA and the high Mvol of LP. In general IHD produced the highest HSP distance values when compared with the other oils (Table 4) however it was nevertheless highly sorbed into all the membranes. Its greater uptake might be due to physicochemical factors including molecular shape, flexibility, volume and homogeneity of its molecular polarity in comparison to linear hydrocarbons.
Discussion
The stratum corneum comprises a complex molecular and supramolecular structure composed primarily of a mixture of lipids and proteins. The extent to which a vehicle is sorbed and interacts with these structures, can affect the penetration kinetics of any topically applied drug. However, due to the complex number and diverse nature of types of interactions possible between vehicles, the stratum corneum and drug, the interpretation of transcutaneous diffusion data with a view to identifying the key factors affecting these interactions is not simple. The use of simpler membranes, with distinctive barrier properties such as silicone, HDPE and PU membranes might provide one means of identifying some of the prime parameters controlling the overall transport process through the markedly more complex stratum corneum. To understand the effect of structure and solubility properties, the membranes and vehicles which were selected for study possessed different structural and physicochemical properties and HSP values.
The measurement of the solubility of the permeants in phosphate buffer (pH 7.0) was essential in determining whether that medium could be used as receptor fluid, so as to ensure the maintenance of sink conditions during diffusion studies. The selection of phosphate buffered saline as receiver fluid was consistent with several previous studies that employed the three model permeants (Kitagawa et al., 1997; Dias et al., 1999; Akomeah et al., 2004; Lopez et al., 2004 Lopez et al., & 2005 Chilcott et al., 2005) . Measurement of the solubility of drug in the vehicle is an important parameter for both the drug permeation studies and in determination of the degree of saturation. CF, a relatively hydrophilic molecule was shown to be more soluble in an aqueous solvent than in the oily vehicles. Since MP has moderate lipophilicity compared to BP and CF it was found to have intermediate solubility in both the aqueous and oily vehicles, but for both MP and BP, their solubility was lowest in the hydrocarbons (LP, HD and IHD) than in the ester (IPM) and the cis-unsaturated fatty acid (OA). The solubility trends agreed with previous reports for the model compounds (Dias et al., 2007; Akomeah et al., 2004) .
The vehicles used in these studies were all permeant-saturated solutions, and in all cases contained sufficient excess solute to maintain a constant donor concentration during the experimental time frame. In an ideal situation all saturated solutions of the same permeant in any solvent system should produce an equal flux through a membrane that is independent of solute concentration (Higuchi, 1960) . The restriction of the study run time to 6-8 h was known to be sufficient for steady-state diffusion to be established with synthetic membranes (Akomeah et al., 2004; Ansari et al., 2006; Oshima et al., 2012; Oliveira et al., 2012) .
Examination (Table   3) indicated that the membranes interacted with oils differently depending on the molecular compatibility between both the membrane and oil. The interaction of the oils can be rationalized by considering the process, should it occur, as the occupation of a "hole" within the membrane matrix (Aminabhavi & Khinnavar, 1993) by an oil molecule. The ability to occupy a hole depends on compatibility of the molar volume, shape and molecular structure of the permeant/vehicle.
The HSP values provide a means to assess the mutual compatibility of molecular structures, and potentially predict an interaction between a vehicle component and the membrane. The
Hansen plot for the HDPE membrane and the oils showed a membrane with a small interaction radius (Figure 3) , and all oily vehicles located outside the sphere. This is also confirmed by the large HSP distances that exist between the solvents and membrane. PU is a relatively hydrophilic membrane with a solubility parameter of 20.8 (MPa) ½ and the HSPdistances between the oils and PU were also high. Accordingly the affinity of the oils for HDPE and PU membranes were, perhaps, predictably low with subsequently low uptake.
The flux of permeants from the oils, was also generally lower through HDPE and PU membranes than across the silicone membrane (Figure 2 ). It is important to note the permeant must itself be miscible with the vehicle post-incorporation for partition into and diffusion across the membrane to be facilitated (Cross et al., 2001; Dias et al., 2007; Zhang et al., 2011; Oliveira et al., 2012a; Oliveira et al., 2012b; Lane, 2013) . The flux measurements across the various membranes were generally in agreement with the latter concept. Enhancement of the parabens (but not of hydrophilic caffeine) with respect to an aqueous vehicle was observed for oils that were incorporated in the barrier membranes. The latter finding was all-the-more stark given the plasticization of the PU membrane by OA in accordance with OA having the smallest HSP distance of the all the oily vehicles (Table 3 ).
The affinity of the respective oils for the different membranes (as determined by the swelling, or alternatively the HSP distance between oil and membrane) might be expected to correlate with the normalised flux (Fig. 4) . However, the relationship between flux and both HSP distance and degree of swelling was complex. For example, IHD was sorbed in the highest amounts by HDPE membrane, whilst IPM was sorbed in the lowest quantity; despite IHD having the largest HSP distance from that of the membrane (Table 4) properties may also determine the magnitude with which an interaction actually occurs. The latter is also true of membranes themselves. For example, the absence of branching and high density of chain packing in HDPE membranes provides high stability and chemical resistance to solvent interaction (Harper, 2002; Berins 1991) . Silicone membrane, conversely, is cross-linked in structure, and it is likely that the interacting oil is more associated with chain solvation and subsequent membrane swelling interactions rather than polymer dissolution, which can occur with non-cross-linked barriers.
The HSPs of all oils lay within the Hansen sphere for silicone membrane (Fig. 3) and accordingly all the oils behaved as good solvents for this polymer. Therefore since there were differences in the amounts of oil uptake then it may be possible to delineate other molecular properties that can affect the extent and degree of interaction with silicone membrane. IPM and OA possess simlar molecular weights (270 g/mol and 282 g/mol, respectively) and molecular volumes (315 and 319.5 respectively) yet almost three times as much IPM was sorbed to silicone membrane than OA, in agreement with literature reports (Dias et al., 2007) . OA contains a cis-double bond which provides OA with a 'kinked' structure (Green et al., 1988) . The low molecular flexibility within this molecule would require a greater expenditure of energy to penetrate into the membrane. The presence of a carboxylic acid group in OA leads to moderate polarity (Lee et al., 2003) that may also contribute to the lower uptake of this oil by the silicone membrane (Cross et al., 2001 ). The HSP-distance for IPM from silicone was also lower than for OA. This suggests that both the distance and the molecular nature (e.g. shape, polarity, and molecular flexibility) are also key factors affecting the interactions between the solvent and the membrane.
IHD was taken up in greatest quantity by silicone membrane in amounts that were significantly higher in comparison to other oils studied. The HSP distance for IHD was larger than that of HD, a molecule with the same molecular formula and weight as the linear hydrocarbon IHD. Accordingly it was anticipated that HD would be taken up in greater quantities than IHD due to the equivalent molecular mass. Since this was not the case, it was hypothesized that the branched structure of IHD compared with HD contributed in some way to its preferential sorption by membranes. Molecules with straight chains contain larger surface area, and thus greater dispersion forces, than branched-chain molecules of the same molecular weight. Despite both oils having the same molecular size, the molecular shape of IHD is almost spherical, while the shape generated by HD is oval. Although both oils are predicted to be good solvents from their HSP values, the branched structure of IHD along with its compact spherical shape could enable a greater partitioning of the oil into the space between the branched cross-linked membrane structure. If this occurs in stratified membranes composed of non-covalently linked molecules (e.g. the lipid matrix of the stratum corneum) then this would be expected to affect the packing of those membranes.
Conclusion
This study has shown that application of model permeants as solutions in pharmaceutically Waals forces, the hydrogen bonding, and the polar bonding, respectively). The centre of the sphere (green symbol) represents the threedimensional solubility parameter for the membrane. The blue symbols are the HSPs of oils used in this investigation. The radius of the sphere is 5.7 MPa 1/2 for silicone and 2 MPa 1/2 for HDPE.
Figure 4
Scatter plot of normalized flux data for three permeants (methyl paraben, caffeine and butyl paraben) across three membranes (silicone, high density polyethylene and polyurethane) when applied in five different oily vehicles (hexadecane; isohexadecane; isopropyl myristate, liquid paraffin, and oleic acid). Data represent all original data points from the study (n = 189). A poor correlation was observed for both Hansen solubility parameter (HSP) Distance and membrane swelling ratio as predictors of normalized flux (regression coefficient 0.186).
Figure 5.
Scatter plot of normalized flux data as a function of Hansen solubility parameter (HSP) Distance or swelling ratio for three permeants (methyl paraben, caffeine and butyl paraben) when applied in five different oily vehicles (hexadecane; isohexadecane; isopropyl myristate, liquid paraffin, and oleic acid) across each of silicone, high density polyethylene (HDPE) and polyurethane(PU) membranes, respectively. Data represent all original data points for HDPE (n = 69); PU (n = 75) and Silicone (n = 45).
